ABSTRACT: Enhancement of the heterogeneous electron transfer (HET) activities of graphene materials toward redox-active molecules assumes a crucial role in numerous graphene-based electrochemical technologies. Here we discover that carbonnanotube-supported reduced graphene oxide (rGO/CNT) exhibits unusually higher HET activities (including electrocatalytic performance toward dopamine, electron transfer kinetics with Ru-(NH 3 ) 6 3+/2+ and Fe(CN) 6 3−/4− , and direct electron transfer efficiencies with cytochrome c and horseradish peroxidase) than does CNT-free rGO with an identical electrochemical surface area and surface chemistry. Through examination of the electronic structure combined with Gerischer−Marcus calculations, the critical factors responsible for this anomalous enhancement of the HET activities in rGO/CNT are identified to be a high density of π electronic states, up-shifting of the Fermi level, and appearance of a pronounced quantum-capacitance-dominating character. These results indicate a general strategy to improve the HET properties of graphene by using a π-electron-rich substrate to modulate electronic structure, and provide insight into the importance of the quantum capacitance in graphene electrochemistry.
■ INTRODUCTION
Graphene-based electrode materials, such as chemical vapor deposition produced graphene and chemically or electrochemically reduced graphene oxide (rGO), are having a huge impact on numerous electrochemical technologies.
1,2 Heterogeneous electron transfer (HET) at solid electrodes, including graphene, is the subject of many theoretical and methodological studies in electrochemistry. 3 Enhancement of the HET activity of graphene materials is key to realizing their potential applications in myriad important areas such as energy storage/conversion, 4−6 molecular sensing, 7, 8 and electrocatalysis. 9−11 Moreover, there is growing interest in developing a deeper understanding of the fundamental electron transfer behavior of graphene materials, particularly the HET kinetics. 12−14 One of the most important factors governing the HET activities of an electrode material is its electronic structure; the efficiencies of electron exchange at an electrode/ electrolyte interface depend strongly on the overlap between the energy levels of the electrode material and the redox states in solution. 3, 15, 16 Hence an effective strategy to enhance the HET activity of graphene materials would appear to be through manipulation of their electronic properties. Control over electronic structure of graphene materials has been achieved previously by strategies such as potassium adsorption, 17 surface functionalization by alkylsilanes, 18 variation of graphene stacking configurations, 19 and use of different substrates including SiO 2 , Al 2 O 3 , and hexagonal boron nitride. 20 However, none of these studies focused on the HET properties of the related material systems.
Here we report unusually high HET activities for carbon nanotube (CNT) supported rGO (denoted as rGO/CNT hereafter), with a major focus on elucidating how the nanotubesubstrate-induced variation in electronic structure of rGO influences its electrochemistry. The base control against which comparisons were made was the rGO electrode without the CNT support (denoted as rGO-ctrl hereafter). First, we demonstrate that, compared to rGO-ctrl, rGO/CNT exhibited a significantly higher sensitivity toward detection of dopamine, an important neurotransmitter that assumes a crucial role in human metabolism and cardiovascular, central nervous, renal, and hormonal systems, 21, 22 and can shed light on the treatment of schizophrenia, Huntington's disease and Parkinson's disease. 23−25 Remarkably, rGO/CNT exhibited an extremely low detection limit of 0.07 μM, one of the best performance numbers reported to date (see Supporting Information, Table  S1 ). Next, using two benchmark diffusional redox mediators, Ru(NH 3 ) 6 3+/2+ and Fe(CN) 6 3−/4− , 15 we show that rGO/CNT exhibited significantly higher standard HET rates than did rGO-ctrl. Additionally, we investigated experimentally the electronic valence band structures of rGO/CNT and rGO-ctrl, and performed theoretical Gerischer−Marcus calculations 26, 27 at the classical and quantum capacitance dominated (QCD) limits. 28, 29 Furthermore, we find that, compared to rGO-ctrl, rGO/CNT exhibited significantly higher direct electron transfer (DET) efficiencies with two enzymes of great interest in biotechnology, cytochrome c and horseradish peroxidase. 30−33 Development of electrodes having high DET efficiencies with redox enzymes is of great interest in various potential applications such as biosensors, 33 bioelectronics, 34 enzyme catalysts, 35 and biofuel cells. 36 Our study is the first investigation of the HET activities of rGO/CNT, a novel graphene system, and indicates its potential application in various electrochemical technologies. Even after controlling for the effects of surface chemistry and electroactive surface area, rGO/CNT exhibited unexpectedly high HET activities compared to those of rGO-ctrl, which we attribute to the marked variation in electronic structure of the top rGO layer caused by the CNT substrate. We identify three key factors that account for the exceptional performance of rGO/ CNT: an increase in the density of π electronic states, shifting of the Fermi level, and emergence of a pronounced QCD character. This report suggests a general strategy to enhance the HET activity of graphene by using a π-electron-rich substrate to modulate electronic structure, and provides new insights into the importance of the quantum capacitance in graphene electrochemistry.
■ RESULTS AND DISCUSSION
Synthesis of rGO/CNT. The rGO/CNT samples were prepared under a facile and controllable synthesis protocol that consisted of a two-step sequential deposition process and subsequent electrochemical reduction (Figure 1a ; for details, see Supporting Information, section 1.2). Briefly, a CNT/ CH 3 Cl suspension was deposited onto a circular confinement zone with a specified geometric surface area on a patterned conductive substrate. Next, a GO/H 2 O suspension, composed of mostly single-layer graphene oxide (GO) sheets, 37, 38 as confirmed by atomic force microscopy (AFM) imaging ( Figure  1b) , was carefully drop-cast onto the nanotube mat, resulting in a CNT-supported GO film (denoted as GO/CNT). During the electrochemical reduction of the GO component, the highly conductive CNT support transferred electrons easily from the substrate to the GO layer above, generating reduced graphene oxide in close proximity to the nanotubes. The rGO-ctrl samples were prepared similarly by the one-step deposition of a GO/H 2 O suspension directly on the substrate followed by electrochemical reduction.
Scanning electron microscopy (SEM) imaging showed that rGO-ctrl ( Figure 1c ) had an almost flat surface, consistent with the morphology of electrochemically reduced graphene oxide reported previously. 39, 40 By contrast, the rGO/CNT hybrid ( Figure 1d ) exhibited an interesting and markedly different morphology, in which the rough surface of the CNT mat was coated conformally by a thin rGO film. High-resolution SEM (HR-SEM) imaging (Figure 1e ) revealed clearly the presence of carbon nanotubes under the rGO layer. For comparison, an HR-SEM image of CNTs without rGO is shown in Figure 1f . SEM imaging of different locations on the rGO/CNT sample suggested that the nanotube support was covered completely by rGO; the complete surface coverage was also verified by spectroscopic and electrochemical measurements, as discussed later.
The successful conversion of graphene oxide to rGO in the hybrid was confirmed by X-ray photoelectron spectroscopy (XPS) measurements. Representative wide-range XPS survey scans of GO/CNT and rGO/CNT are shown in Figure 1g . The intensity of each spectrum was normalized to that of the carbon peak at 284 eV. It is readily apparent that the relative intensity of the oxygen peak at 564 eV decreased significantly after electrochemical reduction. Quantitatively, the O/C ratio of GO/CNT was 0.59 ± 0.07, in agreement with that of graphene oxide produced by exfoliation of graphite oxide 39 and the theoretical value of completely oxidized graphite from density functional theory (DFT) calculations. 41 In contrast, the O/C ratio of rGO/CNT was significantly reduced to 0.08 ± 0.02, in accord with previously reported experimental 42 and modeling 43 results for reduced graphene oxide. The O/C ratio for rGO-ctrl was 0.07 ± 0.01, very close to the value of rGO/CNT, indicating that both systems had similar surface chemistries. Additionally, we observed that, prior to reduction, GO/CNT showed an XPS spectrum that was the same as that of GO (Supporting Information, Figure S1a ) but markedly different from that of as-received CNTs (Supporting Information, Figure  S1b ), which had almost no oxygen content. This observation confirms, in accord with the SEM analysis, that the surface of GO/CNT was completely covered by GO and no CNTs were exposed.
To gain insights into the detailed surface chemistries of GO/ CNT and rGO/CNT, high-resolution core-level C 1s scans were carried out. Representative C 1s spectra for GO/CNT and rGO/CNT are shown in Figure 1h and Figure 1i , respectively. The core-level spectra were deconvoluted into graphitic carbon (CC at 284.5 eV), alkylinic carbon (C−C at 286.1 eV), and oxygen-containing bonds (C−O at 286.8 eV, CO at 288.2 eV, and OCO at 290.1 eV). 44, 45 It is clear that GO/CNT contained abundant oxygen-containing groups, a large fraction of defect-like sp 3 carbon (i.e., C−C), and a low sp 2 concentration. In contrast, rGO/CNT had much lower concentrations of C−O, CO, and OCO, indicating effective removal of the oxygen groups. Additionally, a significant increase in the sp 2 fraction suggested that the π-conjugated carbon bonds were restored upon electrochemical reduction.
Electrocatalysis against Dopamine. rGO/CNT and rGO-ctrl were first compared by examining their electrocatalytic performances against dopamine (DA). The extensively documented performance of dopamine sensing devices provides a good basis for assessment of electrochemical activities of the material systems developed here. Figure 2a shows the cyclic voltammograms (CVs) in 1 mM DA in 0.1 M H 2 SO 4 obtained on rGO-ctrl and rGO/CNT. The rGO/CNT system exhibited significantly higher current densities than those observed with rGO-ctrl, suggesting that the former had a much stronger electrocatalytic activity toward dopamine. The increased current response was not due to exposure of the nanotube component to the solution, since SEM and XPS analyses indicate a full coverage of the CNT support by rGO; this conclusion was further corroborated by our observation that CNTs alone showed clear CV peaks characteristic of DA but, when covered by an insulating GO layer, these peaks became almost negligible (Supporting Information, Figure S2 ). Mechanistically, the interplay between DA and an electrode can be probed by examining the magnitudes of CV peak currents (I p ) of the electrode at various scan rates (v). The slope of an ln I p −ln v plot is 0.5 when the electrochemical reaction of DA is diffusion controlled; the slope is 1 when this reaction is surface limiting. Figure 2b displays the CV profiles of rGO/CNT in 1 mM DA at different values of v, with the corresponding ln I p −ln v data shown in Figure 2c . Note that in Figure 2c we used the magnitude of the current (i.e., absolute value). The slopes for the anodic and cathodic currents were 0.56 and 0.63, respectively, suggesting that the electrochemical reaction of DA on rGO/CNT was more diffusional than surface limiting.
Next we investigated the dopamine sensing capabilities of rGO-ctrl and rGO/CNT using differential pulse voltammetry (DPV) to detect the amperometric responses at a series of different DA concentrations. Figure 3a shows the representative anodic DPV curves obtained on rGO/CNT when the dopamine concentration was varied from 0.1 to 201 μM. The corresponding calibration curve (i.e., DPV peak current versus dopamine concentration) with the concentration axis on linear and log scales is shown in Figure 3b and Figure 3c , respectively. The results for rGO-ctrl are shown in Figure 3d −f. For both rGO/CNT and rGO-ctrl, well-defined anodic DPV profiles were observed. The magnitude of the peak current increased with increasing dopamine concentration, from which it can be concluded that both electrodes were able to detect dopamine electrochemically. Notably, at the same DA concentrations, rGO/CNT exhibited significantly higher current densities than did rGO-ctrl. Additionally, even over the extremely low concentration range from 0.1 to 1 μM, rGO/CNT displayed well-resolved DPV profiles, whereas rGO-ctrl showed almost overlapping DPV curves with poor resolution (Supporting Information, Figure S3 ). For rGO/CNT, there existed an excellent linear relationship between the DPV peak current and the dopamine concentration over the range from 0.1 to 11 μM (Figure 3b ,c). In contrast, the linear range for rGO-ctrl began at a higher concentration of 3 μM (Figure 3e ,f), indicating an inability of rGO-ctrl to detect dopamine reliably at low concentrations. Linear regression produced a much larger slope for rGO/CNT (6.96 μA/μM) than for rGO-ctrl (0.027 μA/μM). For rGO/CNT and rGO-ctrl, the linear fits over the high dopamine concentration range (>11 μM) generated calibration curves with different slopes (Supporting Information, Figure S4 ). This behavior is associated with current saturation for electrodes with limited electroactive surface areas, and has also been observed for other carbon-nanofiber-based 46 and graphene-based 7 DA sensors. The limit of detection (LOD) values for rGO/CNT and rGO-ctrl were determined from the equation
where σ is the standard deviation of five measurements of the blank solution from one electrode, and S is the slope of the linear regression equation over the low concentration range. Using more than 20 different samples for each, the LODs for rGO-ctrl and rGO/CNT were found to be 1.1 ± 0.05 and 0.07 ± 0.01 μM, respectively. The LOD of rGO-ctrl was comparable to that of the DA sensor based on nonfunctionalized graphene (2.64 μM). 47 Remarkably, the extremely low LOD of rGO/ CNT represents one of the highest sensitivities among the many previously reported DA sensors based on carbon materials, including graphite-, CNT-, and graphene-based systems (Supporting Information, Table S1 ). It should be noted that the synthesis conditions affected the sensing performance of the resulting rGO/CNT electrode and reproducibility of the data. For a detailed discussion, see Supporting Information, section 3.4. After being stored in an open laboratory atmosphere for 3 months, 97.6% of the initial DPV response of rGO/CNT to 0.1 mM DA remained, suggesting good sensor stability. The good stability and ease of storage were attributed to the nonenzymatic nature of the rGO/CNT electrode. 48−50 In addition, rGO/CNT could selectively detect DA in the presence of interfering species that commonly coexist with dopamine in biological samples, including Cl
, ascorbic acid, and uric acid (see Supporting Information, section 3.6).
Electroactive Surface Area. From our earlier discussion, we already eliminated the possibility that the surface chemistry or the exposure of CNTs to the DA solution led to the difference in DA sensing performance between rGO/CNT and rGO-ctrl. We suspect that one contributing factor should be the large electroactive surface area (ESA) of rGO/CNT due to its undulating and porous surface character. Therefore, we measured the ESAs of rGO/CNT and rGO-ctrl using the Randles−Sevcik method 51 (for details, see Supporting Information, section 4). The ESA of rGO-ctrl was estimated to be 0.37 ± 0.04 cm 2 , close to the geometric surface area of 0.28 cm 2 , while the value for rGO/CNT was found to be significantly higher (2.55 ± 0.19 cm 2 ). Note that rGO/CNT had an approximately 5-fold higher ESA relative to that of rGOctrl, but exhibited an ∼40−50-fold increase in I p at the same dopamine concentration (see Figure 3a ,d).
To control carefully for the effects of ESA, we fabricated a series of rGO/CNT electrodes with different ESAs by changing the deposition volume and simultaneously varying the size of the patterned circular confinement (Supporting Information, section 4). Figure 4 (left panel) shows the ESA of rGO/CNT (purple squares) as a function of the deposition volume, together with the recorded DPV peak current (green circles) in 100 μM dopamine. For comparison, the peak current and ESA of rGO-ctrl prepared using a deposition volume of 50 μL are also shown in Figure 4 between the ESA and the deposition volume for rGO/CNT was observed, indicating that the fabrication procedure developed here allowed systematic adjustment of the ESA of the electrode. We found that the current response decayed with a decreasing ESA, as expected. More importantly, we found that an rGO/CNT sample with a smaller ESA (0.24 ± 0.05 cm 2 ) than that of rGO-ctrl (0.37 ± 0.04 cm 2 ) still showed a significantly higher current (61 ± 5 μA) compared to the value for rGO-ctrl (3.1 ± 0.2 μA). Therefore, this finding strongly indicates that, in addition to ESA, there must be other important factors that contribute to the superior electrochemical activity of rGO/CNT relative to that of rGO-ctrl.
Heterogeneous Electron Transfer Kinetics. We suspect that another contributing factor to the difference in electrocatalytic activities observed between rGO/CNT and rGO-ctrl may have been the density of electronic states (DOS): carbon electrodes with a high DOS have been found to exhibit excellent dopamine sensing performance. 7, 46 It has been reported previously that hybridization of graphene and carbon nanotubes, either by electrospray deposition of graphene onto CNT yarns 52 or by CVD growth of graphene on nanotubecoated Cu foils, 53 leads to an increase in the DOS near the Fermi level (D(E F ), i.e., density of π states) compared to that of graphene alone. In our rGO/CNT system, it appears plausible that the density of π electronic states in the top rGO layer may be increased by the CNT substrate, which contains abundant π electrons and is strongly electron-donating. Information on the DOS of electrode materials can be inferred from their heterogeneous electron transfer kinetics; although some discrepancies exist regarding the manner in which the DOS affects the HET kinetics, the general consensus is that a higher DOS near E F results in a large HET rate. 15, 33, 54, 55 If the hypothesis were true that the DOS for rGO/CNT was larger than that of rGO-ctrl, we should expect to observe faster electron transfer kinetics on rGO/CNT. To test this hypothesis, we studied the HET kinetics of the two material systems.
Ru(NH 3 ) 6 3+/2+ and Fe(CN) 6 3−/4− were chosen as the redox mediators to evaluate the HET kinetics because they are onestep one-electron diffusional systems with physically meaningful Butler−Volmer (BV) parameters that can be related to Gerischer−Marcus theoretical calculations, 28, 29 and they have been widely accepted as benchmark systems for comparison of electrode activities. 15 For the kinetic study, we fabricated rGO/ CNT and rGO-ctrl electrodes with identical ESAs of 0.37 cm 15 although it has been recently recognized that the history of HOPG basal plane influences its HET activity significantly. 57, 58 The k HET 0 values obtained on rGO/ CNT are in general agreement with the values obtained on graphite edge sites 59 and nitrogen-doped nanocrystalline diamond, 15 while larger rate constants have been obtained on nanosized carbon electrodes using scanning electrochemical microscopy techniques. 60, 61 Our HET kinetic study suggests that there was a significant difference in DOS between rGO/ CNT and rGO-ctrl.
Electronic Structure. We used ultraviolet photoelectron spectroscopy (UPS) to probe directly the electronic structure of rGO/CNT and rGO-ctrl, and performed theoretical calculations based on the GM theory to elucidate the effects of electronic structure on the electron transfer kinetics, as discussed in the section Gerischer−Marcus Calculation. Figure  5a shows the overall UPS spectra of rGO/CNT and rGO-ctrl normalized by the total integrated intensity (E F denotes the Fermi level of the electrode system). Both materials exhibited graphite-like valence band structures: the intensities from 0−2, 2−13, and >13 eV arise from pπ, pσ, and sσ states, respectively. 62 Detailed UPS spectra in the high binding energy range and near the Fermi level are shown in Figure 5b and Figure 5c , respectively. Notably, the high binding energy cutoff (E HBC ) was higher for rGO/CNT (18.6 eV) than for rGO-ctrl (17.7 eV) (Figure 5b ), which further indicated that the work function (Φ = E photon − E HBC , where E photon is the incident photon energy) was smaller for rGO/CNT than for rGO-ctrl. This observation may be attributed to n-type doping of the rGO component in the hybrid through the electron-donating feature of the CNT support, which led to a lower work function. Our result is consistent with a recent finding that surface functionalization of reduced graphene oxide by electron-donating chemical groups led to a decrease in Φ. 18 Additionally, we found that the DOS from 0 to 2 eV (i.e., the density of π electronic states) for rGO/CNT was significantly higher than that of rGO-ctrl (Figure 5c ), which validated our earlier conclusion from the kinetic study that rGO/CNT exhibited a larger D(E F ) than did rGO-ctrl. Since a higher density of π electronic states could also be inferred from a higher electrical conductivity, we measured the conductivities of the rGO-ctrl and rGO/CNT films using the four-point probe method. It was found that rGO/CNT indeed had a higher conductivity (140 ± 13 S/cm) than rGO-ctrl (35 ± 6 S/cm). Compared to high-quality pristine graphene, reduced graphene oxide usually exhibited lower conductivities due to the presence of functional groups and defects that could impede the charge carrier transport. 63 Gerischer−Marcus Calculation. To delineate the effects of electronic structure on HET kinetics, we modeled the electrochemistry at rGO/CNT and rGO-ctrl surfaces using the Gerischer−Marcus (GM) formalism. 26, 27, 29 Based on the GM theory, electron transfer is dependent upon the DOS of the electrode and the distribution of redox states in solution, and is not merely restricted to the Fermi positions of reacting species. The energy distribution functions of the occupied and unoccupied states (W red (λ,E) and W ox (λ,E)) of a redox mediator in solution are described by eqs 2 and 3, respectively. 26, 27 λ π λ
where k B is the Boltzmann constant, E F,redox is the Fermi level of the redox couple, and λ is the solvent reorganization energy, which lies between 0.5 and 1 eV. 26 The reductive heterogeneous electron transfer rate constant (k HET ) for a redox mediator at rGO/CNT or rGO-ctrl depends on the convolution of the valence band DOS of the electrode (ρ(E)) and the distribution of the unoccupied redox states in solution:
26,27,29
HET ox (4) where ξ is the prefactor, θ(E) is the proportionality function, and f(E) is the Fermi−Dirac distribution. Usually it is assumed that θ(E) is independent of energy and ξ is not specific to rGO/CNT or rGO-ctrl, 26, 29 and hence they cancel out when we calculate the relative rate constants. ρ(E) for rGO/CNT or rGO-ctrl was approximated by the normalized UPS intensities of the valence band near the Fermi level, as shown in Figure 5c .
An important parameter for graphene-based electrodes is the quantum capacitance, which has a significant impact on the manner in which the overpotential affects the band structure and the distribution of electronic states. 29 ,64−66 Hence we consider two extreme cases in which the electrode behaves as either a classical electrode (i.e., double layer capacitance dominated) or a quantum capacitance dominated (QCD) electrode. Figure 6 illustrates the difference in the alignment and population of electronic states between classical and QCD limits. Figure 6a shows the energy distribution of a redox mediator in solution, as described by eqs 2 and 3. The Fermi level of a redox mediator (i.e., E F,redox ) can be calculated from its formal potential versus Ag/AgCl (E 0 redox ) using E F,redox = −4.8 eV − eE 0 redox . 67 Figure 6b depicts the generic electrode band structure without an externally applied potential (V appl ) (filled and empty bars indicate the valence and conduction bands, respectively). The Fermi level of an electrode (i.e., E F ) can be determined from UPS using E F = −Φ = E HBC − E photon . Generally, E F,redox and E F are not equal. Here we denote the difference between E F,redox and E F as E diff (i.e., E diff = E F − E F,redox ). E diff plays a key role in the HET kinetics for a QCD electrode, as discussed later. Figure 6c illustrates the energy alignment and population of electronic states of a classical electrode when V appl = E 0 redox or V appl = E 0 redox − η, where η is the magnitude of the overpotential. The case for a QCD electrode is shown in Figure 6d . For a classical electrode, when applying an external potential, the positions of the energy bands are shifted as a whole while the relative population of electronic states remains unchanged. 29, 64 In the case of a QCD electrode, however, the positions of the energy bands remain unchanged while the population of electronic states is changed such that the bands are occupied below E F,redox + eη and unoccupied above E F,redox + eη. 29, 64 The behavior of a real electrode may be in between the classical and QCD limits: upon application of an external potential, the band positions of the electrode could be shifted as a whole together with variation in the relative population of empty/filled states. Figure 7 presents several examples of GM calculations based on eq 4. Note these calculations are not for specific redox systems, and the values of the parameters involved such as λ and E diff were arbitrarily chosen within their typical ranges (i.e., 0.5−1 eV for λ and 1−2 eV for E diff ), in order to demonstrate the effects of these values on HET kinetics. A detailed modeling of the electrochemistry of an electrode requires the theoretical calculation of not just the standard electron transfer rate constant (k HET 0 ), but also the k HET − η characteristic (k HET is the rate constant at a nonzero overpotential), which may provide valuable insights into the detailed electronic properties of the electrode systems, such as the fingerprints of the distinct van Hove singularities for single-walled carbon nanotubes. 29, 68 Calculation of the k HET − η relationship requires careful specification of the integral function in eq 4 at varying η values.
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As an example, Figure 7a illustrates explicitly the calculated integral function (i.e., f(E) ρ(E) W ox (λ,E)) using ρ(E) of rGO/ CNT and assuming the classical behavior when λ = 0.5 or 1.0 eV. With an increasing overpotential (from blue to pink, also see the arrow direction), the integration range and the integrated area of f(E) ρ(E) W ox (λ,E) increases, indicating higher k HET values. Note that f(E) ρ(E) W ox (λ,E) = 0 when E > 0 or E < −eη.
To further demonstrate the effects of the solvent reorganization energy on electron transfer rates, Figure 7b shows calculated k HET values normalized to k 0 HET (λ = 1 eV) as a function of η while varying the λ values gradually from 0.5 to 1.0 eV. Calculations were performed using ρ(E) of rGO/CNT and assuming the classical behavior. It is clear that k HET increased with a decreasing λ value. This is because a smaller reorganization energy results in a more significant overlap in energy levels between the redox mediator and the electrode.
To show the effects of electrode DOS on the k HET − η characteristics, comparative calculations were performed between a high DOS electrode (using ρ(E) of rGO/CNT) and a low DOS electrode (using ρ(E) of rGO-ctrl) assuming the classical behavior and using an arbitrarily chosen λ value (1.0 eV). Figure 7c shows calculated k HET values normalized to k 0 HET of rGO-ctrl as a function of η. It is apparent that a higher density of electronic states leads to larger k HET values. It should be noted that, although calculations shown in Figure 7b ,c were performed assuming the classical behavior, similar effects of λ and DOS on the k HET − η characteristic are also obtainable using a QCD electrode.
One important consideration of a QCD electrode is the energy difference between the Fermi level of the electrode and that of the redox couple (i.e., E diff ). For a QCD electrode with a nontrivial DOS distribution (i.e., nonuniform distribution), E diff influences significantly the k HET − η characteristic. For a classical electrode, E diff does not affect the k HET − η characteristic since the band structure is always shifted as a whole by the applied potential. To illustrate the effects of E diff for a QCD electrode, we calculated the k HET − η curves with five arbitrarily chosen E diff values (1.0, 1.25, 1.5, 1.75, and 2 .0 eV) assuming the QCD behavior and using ρ(E) of rGO-ctrl. Figure 7d shows calculated k HET values normalized to k 0 HET (E diff = 1.0 eV) as a function of η. It can be easily seen that in this case a larger E diff resulted in a larger k HET . This result indicates that, for a QCD electrode, the band position plays a significant role in its HET kinetics.
In short, from the discussion above, the important factors in the GM calculations that determine the k HET − η characteristics include λ, DOS, and E diff (the last only when the electrode exhibits a QCD behavior).
Comparison to Butler−Volmer Kinetics. To further evaluate the effects of electronic structure modulation in a way that is directly relevant to experiments, and to examine the origin of the extremely fast HET kinetics on rGO/CNT, we compared the calculated k HET − η curves in both the classical and QCD limits to Butler−Volmer (BV) kinetics at small overpotentials (<0.3 V), 28, 29 using realistic parameters for Ru(NH 3 ) 6 3+/2+ and Fe(CN) 6 3−/4− . Figure 8a shows the energy diagram on a vacuum scale for rGO-ctrl and rGO/CNT as well as the two redox mediators. As mentioned previously, the positions of E F for rGO-ctrl and rGO/CNT were determined from UPS measurements and the positions of E F,redox for Ru(NH 3 ) 6 3+/2+ and Fe(CN) 6 3−/4− were converted from their formal potentials. 67 The reorganization energies for Ru-(NH 3 ) 6 3+/2+69,70 and Fe(CN) 6 3−/4−71 are 0.8 and 0.9 eV, respectively. As discussed earlier, the value of E diff becomes important in the QCD limit. For Ru(NH 3 Effects of E diff on k HET − η characteristics for a QCD electrode. The arrow direction indicates an increasing E diff from 1.0 to 2.0 eV. Calculations were performed using ρ(E) of rGO-ctrl and assuming the QCD behavior. λ was assigned to be 1.0 eV.
where C H is the Helmholtz capacitance, which is a constant for a given electrolyte, 73 ε is the dielectric constant, ε 0 is the vacuum permittivity, and e 0 is the electronic charge. Equation 5 suggests that a higher D(E F ) leads to a larger C DL . In our case, from UPS measurements, we observed directly a significant increase in D(E F ) for rGO/CNT compared to that for rGO- ctrl, indicating a larger C DL for the former. Hence, the overall capacitance of rGO/CNT was more likely to be dominated by the quantum capacitance. DET Efficiencies with Enzymes. Cytochrome c (Cyt c) is a DET-type enzyme studied extensively, 30−33 and it has been shown that conventional carbon electrodes, such as glassy carbon, graphitized carbon fiber, and carbon paste electrodes, show very low DET efficiencies with this enzyme. 15, 16, 33 Figure  9a shows representative background-subtracted voltammograms of 100 μM Cyt c in 100 mM phosphate buffer solution (pH 7.0) at different scan rates on rGO-ctrl and rGO/CNT with identical ESAs of 0.37 cm 2 each. Both electrodes exhibited well-defined voltammetric responses toward Cyt c with peak currents located around 0.04 to −0.06 V versus Ag/AgCl, consistent with the DET-type electrocatalysis of this enzyme. 30−33 We observed the electrocatalytic currents immediately upon adding Cyt c into the background electrolyte solution, and little deviation from the initial voltammetric response after multiple subsequent scans. The linear relation between the voltammetric peak current and (scan rate) 1/2 ( Figure 9b ) suggested a diffusion-controlled charge transfer behavior of this enzyme on both rGO-ctrl and rGO/CNT. Remarkably, compared to rGO-ctrl, rGO/CNT exhibited significantly larger current densities, suggesting a higher DET efficiency. For instance, at a scan rate of 0.05 V/s, rGO-ctrl showed a peak current density of 1.47 μA/cm 2 whereas rGO/ CNT showed a peak current density of 6.57 μA/cm 2 . Notably, the rGO/CNT system exhibited higher electrocatalytic DET efficiencies toward Cyt c than did several advanced carbon systems recently reported: the magnitude of the peak current obtained under similar conditions (i.e., identical scan rate and Cyt c concentration) is 4.18 μA/cm 2 for nanostructured carbon films with hydrophobic coating 30 and it is 1.12 μA/cm 2 for high-DOS turbostratic carbon nanofibers.
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A second DET-type enzyme, horseradish peroxidase (HRP), was immobilized onto rGO-ctrl or rGO/CNT to investigate if this enzyme may display its desired electrocatalytic activity for H 2 O 2 reduction. Figure 9c shows typical CV curves of HRPmodified rGO-ctrl (blue line) and rGO/CNT (red line) upon introduction of 5 μM H 2 O 2 . As controls, CV curves in the absence of H 2 O 2 for rGO-ctrl (black line) and rGO/CNT (green line) are also depicted in Figure 9c . Without H 2 O 2 , rGO-ctrl and rGO/CNT exhibited CV responses with similar current densities. Upon introduction of H 2 O 2 , rGO/CNT showed a much stronger CV response than did rGO-ctrl: the magnitude of the current at −0.4 V during the anodic scan was 35.8 μA for rGO/CNT and 10.6 μA for rGO-ctrl, respectively. To show the dependence of the reductive current on the H 2 O 2 concentration, we recorded the chronoamperometric response of rGO/CNT upon introducing hydrogen peroxide to the electrochemical cell with concentrations up to 65 μM at −0.4 V (Figure 9d ). With increasing H 2 O 2 concentration, the magnitude of the recorded current increased. We observed a linear correlation between the current and the H 2 O 2 concentration from 1 to 50 μM (Figure 9e ). Figure 9e additionally shows the occurrence of current saturation at high H 2 O 2 concentrations, characteristic of Michaelis−Menten kinetics. 75 The apparent Michaelis−Menten constant (K m ) was 898.7 μM, calculated from the electrochemical version of the Lineweaver−Burk plot (Figure 9f (6) where I SS is the steady-state current after the addition of the substrate, c b is the bulk concentration of the substrate, and I max is the maximum current measured under saturated substrate conditions. Using 16 different rGO/CNT samples, the detection limit was found to be 0.39 ± 0.07 μM based on 3σ, with a sensitivity of 4.83 μA/μM. Compared to several previously reported DET-type sensing systems for detection of H 2 O 2 (Supporting Information, Table S2 ), HRP-rGO/CNT exhibited a lower detection limit and a better sensitivity.
■ CONCLUSIONS
We report extremely high electrochemical activities of carbonnanotube-supported rGO, readily synthesized using a two-step protocol involving sequential deposition of carbon nanotubes and graphene oxide, followed by electrochemical reduction of the GO. Compared to rGO-ctrl with a similar ESA and surface chemistry, rGO/CNT exhibits a higher sensitivity toward dopamine detection, faster electron transfer kinetics with Ru(NH 3 ) 6 3+/2+ and Fe(CN) 6 3−/4− , and higher DET efficiencies with Cyt c and HRP. Through examination of the electronic structure combined with GM calculations, the critical factors responsible for the anomalously high HET activities of rGO/ CNT are identified to be a high density of π electronic states, up-shifting of the Fermi level, and appearance of a pronounced QCD character. Our study suggests a general strategy to enhance the HET activities of graphene by using a π-electronrich substrate to modulate electronic structure, and provides valuable insights into the importance of the quantum capacitance in graphene electrochemistry. The rGO/CNT system may be useful in other important applications, such as fuel cells, metal−air batteries, and field-effect transistors, wherein the graphene electronic properties govern the device performance.
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